Three genes that participate in the repair of DNA alkylation damage were recently cloned from Saccharomyces cerevisiae: the MGT] 06-methylguanine DNA methyltransferase gene, the MAG 3-methyladenine DNA glycosylase gene, and the APNI apurinic/apyrimidinic (AP) endonuclease gene. Altering the expression levels of these three genes produced significant changes in the S. cerevisiae spontaneous mutation rate. Spontaneous mutation increased in the absence of the MGT1 DNA methyltransferase, presumably because unrepaired, spontaneously produced, 06-alkylguanine lesions mispair during replication. Moreover, changing the ratios of the MAG 3-methyladenine DNA glycosylase and the APN1 AP endonuclease had profound effects on spontaneous mutation rates. In the absence of APN1, the overexpression of MAG increased spontaneous mutation, and the underexpression of MAG decreased spontaneous mutation. We infer that the MAG glycosylase acts upon spontaneously produced 3-alkyladenine and 7-alkylguanine DNA lesions to produce mutagenic abasic sites, and that if the repair of these abasic sites is not initiated by the APN1 AP endonuclease they cause mutations during replication. Our results indicate that eukaryotic cells harbor endogenous metabolites that alkylate nuclear DNA at both oxygens and nitrogens.
cinogenesis, it is clearly important to define the pathways that influence spontaneous mutation rates in eukaryotic cells.
The characterization of Escherichia coli mutator and antimutator strains has defined several pathways that can limit spontaneous mutation rates, and has thus defined several ways that the E. coli genome can undergo spontaneous change. The potential causes of spontaneous genetic change in E. coli include (i) infrequent errors in DNA replication and the occasional failure to correct those errors (5, 6) ; (ii) spontaneous DNA bond breakage causing depurination, de- amination, and other kinds of DNA damage (7) (8) (9) ; and (iii) the production of DNA damage and damaged DNA precursors by their interaction with reactive intermediary metabolites (10) (11) (12) (13) (14) (15) . Under some conditions, E. coli can apparently elevate the rate of spontaneous mutation for certain beneficial mutational events (16, 17) , but the way in which this is accomplished is not understood.
The nature ofthe intermediary metabolites that cause DNA damage and the kinds of damage they produce are not fully understood. It was shown that (14, 18) uvr-E. coli, unable
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to repair lesions that cause DNA helical distortions, suffer an elevated rate of spontaneous mutation. The nature of the helix-distorting mutagenic DNA damage was not determined and could represent a collection of many different lesions. It is now clear that active oxygen species (by-products of aerobic metabolism) oxidize DNA and its precursors. The E. coli spontaneous mutation rate is known to be limited by the detoxification of active oxygen species (10, 11, 15) , by the selective hydrolysis of certain oxidized DNA precursors (12) , and by the specific repair of oxidatively damaged DNA (19) (20) (21) (22) . That the specific repair of DNA alkylation damage also contributes to limiting spontaneous mutation rates in E.
coli (ref. 13 ; W. Mackay and L.S., unpublished work) suggests that, in addition to spontaneous oxidative damage, the bacterial genome also suffers spontaneous DNA alkylation damage from endogenous metabolic products. We now extend this observation to eukaryotic cells by showing that DNA alkylation repair influences the spontaneous mutation rate in Saccharomyces cerevisiae.
Our laboratory recently cloned and characterized two S. cerevisiae DNA repair genes whose products specifically repair DNA alkylation damage: the MGT] 06-methylguanine (06MeG) DNA methyltransferase (MTase) gene (23) (24) (25) and the MAG 3-methyladenine (3MeA) DNA glycosylase gene (26) (27) (28) . The MGT1 MTase directly transfers the methyl group from the mutagenic 06MeG lesion [and possibly the mutagenic 04-methylthymine (04MeT) lesion] to a cysteine residue in the MGT1 protein itself, thereby preventing the alkylated bases from mispairing during DNA replication (23, 29) . The MAG DNA glycosylase releases 3MeA and 7-methylguanine (7MeG) bases from alkylated DNA and provides resistance to the cell-killing effects of alkylating agents (27, 30) . The abasic sites generated by the action of the MAG glycosylase are subject to cleavage by apurinic/apyrimidinic (AP) endonucleases. The major S. cerevisiae AP endonuclease is encoded by the APNI gene, which was also recently cloned and characterized (31, 32) ; apnl null mutants are sensitive to killing by agents that induce both oxidative and alkylation DNA damage (32) . apnl mutants also suffer an elevated spontaneous mutation rate, thought to originate from replication past unrepaired abasic sites which lack the correct coding information (32) . The (24, 26, 31) .
Plasmids. The construction of disruption cassettes for MAG (27) , MGT] (24) , and APN1 (32) has been described. (23) . Activities shown in Fig. 2A were in the linear range.
Cell Killing. Yeast cells were cultured overnight at 30°C in SD selective media (for strains carrying plasmids) or in YPD and then used to inoculate YPD at a dilution of 1:10 (from the SD overnight) or 1:25 (from the YPD overnight). Growth was continued for 4-6 hr to reach a density of 2 x 107 cells per ml. Cells were treated with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) or methyl methanesulfonate (MMS) for various times, then washed, diluted, and plated onto YPD agar and incubated at 30°C for 3 days.
Fluctuation Test. The fluctuation test described by von Borstel (36) was used to measure the spontaneous mutation rate for Trp+ reversion in S. cerevisiae. The trpl-289 allele in DBY747 bears an amber mutation (37) such that DBY747 can revert to the Trp+ phenotype by point mutations in trpl-289 or by amber suppressor mutations; thus mutation to the Trp+ phenotype probably monitors several different mutational events. Two hundred forty individual 1-ml cultures were grown from 4 x 103 cells per ml to about 0.5-0.7 x 107 cells per ml in SD medium limited in tryptophan (1.5 AM), and the number of cultures that had no Trp+ revertants after 11 days at 30°C was used to calculate the mutation rate as described (36) .
Statistical Analysis. The experimental data were analyzed by a statistical analysis system (SAS) program, PROC GLM, for multiple comparisons (38 Amgtl::LEU2 strain containing either YEpMGT1-ORF2 or YEpMGT1 had 5-to 7-fold more MTase activity than wildtype DBY747 cells ( Fig. 2A) , and as expected both plasmids conferred increased MNNG resistance upon wild-type cells (Fig. 2B) . Moreover, each plasmid reduced the spontaneous mutation rate in the Amgtl ::LEU2 strain to about the wildtype level (Fig. 3) . We thus infer that the MTase deficiency, and not the ORF2 deficiency, in the Amgtl: :LEU2 strain was responsible for the observed increase in the rate of spontaneous mutation. These .g/ml) in the same strains (averaged from two experiments).
which produces DNA 0-alkylation (as evidenced above) must also produce DNA N-alkylation. The MAG gene encodes a 3MeA DNA repair glycosylase known to remove both 3MeA and 7MeG from alkylated DNA (refs. 26, 27 , and 30; unpublished data). 3MeA and 7MeG are not thought to cause base mispairing and are thus not themselves mutagenic (41) . However, the abasic sites produced by the action of the MAG glycosylase on 3MeA and 7MeG are known to cause mutation, and this is thought to be because abasic sites preferentially pair with adenine during replication (8) . We therefore predicted that a MAG glycosylase deficiency would actually decrease the rate of spontaneous mutation due to a putative decrease in the flux of spontaneous abasic sites in the yeast genome. However, whereas the mgtl mutation produced about a 3-fold spontaneous mutation rate increase, the mag mutation neither increased nor decreased the spontaneous mutation rate in either wild-type cells or Amgtl:: LEU2 MTase-deficient cells (Fig. 4) (32) , presumably because unrepaired AP sites pair with adenine during replication (8) . We reasoned that if glycosylase-mediated repair of spontaneous N-alkylation does indeed contribute to the spontaneous flux of AP sites, then a MAG DNA glycosylase deficiency in the Aapnl::HIS3 strain would decrease the spontaneous mutation rate. Fig. 5 clearly shows that at least half of the increase in the spontaneous mutation rate seen in Aapnl::HIS3 cells is suppressed in the absence of MAG DNA glycosylase activity. We infer that this decrease in the spontaneous mutation rate is due to 3MeA and 7MeG not being converted to mutagenic abasic sites by the which all four strains were tested simultaneously, and error bars indicate standard deviation. The rate in WX9105/YEpl3A is significantly different from that of the three other strains at P = 0.01, and, as in Fig. 5 , the rate in WX9105 is significantly different from that of wild-type cells at P = 0.01. mutation rate in these cells. YEp13A is a multicopy plasmid carrying the MAG gene, and its presence produces a 10-fold increase in 3MeA DNA glycosylase levels in S. cerevisiae (26) . We examined the spontaneous mutation rates in YEp13A transformants of wild-type and Aapnl::HIS3 cells, and the results were striking (Fig. 6) . A 10-fold overexpression of the MAG glycosylase in Aapnl: :HIS3 cells dramatically increased the spontaneous mutation rate to 12-fold more than the wildtype rate and 4-fold more than that in Aapnl::HIS3 cells. The overexpression of MAG in the Aapnl ::HIS3 strain does not confer extra resistance to the lethal effects of alkylation in apnl (data not shown), and thus the appearance of extra mutants cannot be explained by a higher survival of cells destined to become mutant cells. The results in Figs. 5 and 6 support the notion that the S. cerevisiae genome harbors spontaneous DNA N-alkylation damage and suggest that wild-type glycosylase levels are not sufficient for the removal of all endogenously produced N-alkyl lesions. In contrast, MAG overexpression in wild-type cells had no effect on the spontaneous mutation rate, presumably because the resident APN1 can efficiently handle the increased flux of AP sites. DISCUSSION Spontaneous mutation rates must balance an organism's need for genetic stability and for evolutionary change. The rate of spontaneous genetic change is extremely low for most organisms (42, 43) , and it is clear that enormous energy is invested to maintain those low rates. The final rate of spontaneous mutation reflects a balance between the induction of physical alterations in the genome and how well the cell repairs those alterations before they are fixed into permanent mutations; clearly, spontaneous mutation rates could be increased or decreased by changing either one of these parameters. Here we show that alterations in the rate of DNA alkylation repair can significantly change the rate of spontaneous mutation in eukaryotic cells.
It was reported many years ago that S-adenosylmethionine acts as a weak alkylating agent, under physiological conditions, to nonenzymatically methylate proteins and DNA (44) (45) (46) . In addition, reactive methylating species have been postulated to arise in vivo from lipid peroxidation reactions (47) and from the endogenous nitrosation of amines (48, 49 suggested that the DNA of some organisms may suffer spontaneous alkylation damage which could contribute to spontaneous mutation. However, it was only recently shown that spontaneous DNA alkylation-induced mutation does indeed occur in vivo (13) . E. coli cells that are unable to repair the mutagenic 06MeG and 04MeT DNA lesions suffer an elevated spontaneous mutation rate (13) . Moreover, the majority of these extra spontaneous mutations are G'C -* AT transitions (W. Mackay and L.S., unpublished work), which are known to result from replication past 06MeG lesions (3). One might imagine that prokaryotic genomes would be more prone to endogenous alkylation than eukaryotic genomes, because they are not protected from the cytoplasm by a nuclear membrane. However, our analysis of spontaneous mutation rates in S. cerevisiae DNA alkylation repair mutants demonstrates that the eukaryotic genome is also subject to significant spontaneous DNA alkylation. The particular reactive metabolites responsible for DNA alkylation are not known, nor is it clear exactly what type of alkyl group is transferred. However, it is clear that alkyl groups are transferred to both nitrogens and oxygens in DNA.
Overexpression of the MAG 3MeA DNA glycosylase increased spontaneous mutation in apnl AP endonucleasedeficient yeast cells, but not in wild-type cells. We interpret this to mean that all the MAG-induced abasic sites are quickly repaired in wild-type cells, but in apnl cells a significant number of these abasic sites escape repair and are replicated. Thus, the APN1 AP endonuclease in wild-type cells appears to be maintained at a level high enough to deal with an increased flux of abasic sites. However, it is unclear whether the APN1 levels adjust according to the number of spontaneous abasic sites arising in the genome, or whether this enzyme is always present at levels able to deal with excess abasic sites. The fact that MAG overexpression in an apnl-MAG+ background increases spontaneous mutation indicates that the wild-type level of the MAG DNA glycosylase is insufficient to release all the available spontaneously produced N-alkylated bases in the S. cerevisiae genome. Since MAG releases 3MeA much more efficiently than 7MeG (refs. 26 and 30; unpublished data), it is possible that wildtype levels of MAG are insufficient for the release of all the spontaneously produced 7MeG, but at 10 times the wild-type level, MAG might release significant quantities of this alkylated base.
Our experiments suggest that spontaneous DNA alkylation can act as a source of spontaneous mutation in at least two different ways: when 3MeA and 7MeG are efficiently removed to produce mutagenic abasic DNA sites which escape subsequent repair (as discussed above), and when 06MeG (and possibly 04MeT) mutagenic lesions are left unrepaired.
One would therefore predict that (i) the extra spontaneous mutations in the MGT1 MTase-deficient yeast strain would be mainly G-C -* A-T transitions produced by 06MeG pairing with thymine during replication and (ii) the extra mutations in the apnl strain overexpressing the MAG glycosylase would be mainly AT --T-A and G-C -+ T-A transversions produced by the insertion of adenine opposite the abasic sites left by the repair of 3MeA and 7MeG.
